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and the Medical Services of the Francis Delafield Hospital and the Presbyterian

Hospital, New York, N. Y.)
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A study has been made of the effect of age on
the susceptibility of mature human erythrocytes
to hemolysis in hypotonic media. The alterations
in osmotic fragility associated with red cell aging
are pertinent to the relationship between cellular
senescence and the maintenance of cell mambrane
integrity. In addition, differences in osmotic re-
sistance between young and old erythrocytes could
provide a basis for separating the whole red cell
population into fractions of differing mean cell age.
A method for achieving such a separation would
permit investigation of biochemical changes as-
sociated with in sivo aging of erythrocytes.

On the basis of experiments with red cells of
dogs, Cruz, Hahn, Bale and Balfour (2) and Stew-
art, Stewart, Izzo and Young (3) concluded that
young canine erythrocytes were less resistant to
hypotonic lysis than older cells. Recent evidence
suggests that the young erythrocytes of rabbit (4,
5), rat and (6) and man (7) are more resistant to
hemolysis in hypotonic media than are older cells.

In the present investigation, Fe59 has been em-
ployed to label, in vivo, erythrocytes of a limited
age (8-11). It has been found that graded os-
motic hemolysis may achieve a separation of red
cells into fractions of relatively young and old
mean cell ages. The young human erythrocytes
are more resistant to hemolysis in hypotonic media
than older cells.

METHODS

The subjects studied included four persons in good
health (Subjects LO, LA, DE and LI) and four patients
with neoplastic disease. Among these patients, one had
carcinoma of the breast (Subject W), two had car-

1A portion of the present data was presented before
the Society for Clinical Investigation, Atlantic City, New
Jersey, May, 1957, and appeared in abstract form (1).

2This work was supported in part by Grant C2332 of
the National Cancer Institute.

cinoma of the lung (Subjects Z and TE) and one had
osteosarcoma (PR). The ages of these subjects ranged
between 23 and 64 years and four of them were females
(Subjects W, LA, LO and LI). During the entire
course of study, all subjects had normal values for he-
moglobin, red blood cell count, hematocrit and reticulo-
cyte count.

Ten to 30 ,uc. of Fe' iron globulin complex were ad-
ministered intravenously to each person. At intervals
up to 120 days following isotope administration, 15 to 30
ml. of heparinized venous blood were drawn for fractiona-
tion of the erythrocytes by graded osmotic hemolysis.
Beginning 14 days after Fe' iron administration, all sub-
jects were given 1.2 Gm. of ferrous sulfate per day for
the duration of the study.

Fractionation of erythrocytes by graded osmotic he-
molysis. All blood samples were centrifuged at 1,500 X
G for 10 minutes and the plasma and buffy coat removed
by aspiration. The erythrocytes were washed twice with
a solution of isotonic potassium chloride adjusted to pH
7.4 by addition of potassium bicarbonate and resuspended
in this solution so as to provide a hematocrit of approxi-
mately 80 per cent. This procedure and all ensuing steps
in the graded osmotic hemolysis were performed at 00 C.
The resuspended washed erythrocytes were contaminated
by fewer than 0.05 per cent leukocytes and 0.5 per cent
reticulocytes.

One ml. aliquots of the resuspended washed erythro-
cytes were added to a series of tubes containing 5 ml. of
solutions of varying concentrations of sodium chloride
(usually 0.30 to 0.46 per cent sodium chloride) and a
tube containing 5 ml. of distilled water. The tubes were
mixed by inverting five times and allowed to stand at
00 C. for 10 minutes. The samples were centrifuged at
1,500 X G for 10 minutes and supernatant solutions re-
moved. The sedimented unlysed erythrocytes were
washed promptly with 10 volumes of the ice cold iso-
tonic potassium chloride buffered at pH 7.4 and resus-
pended in approximately 2 ml. of this solution.

The concentrations of the sodium chloride solutions
employed were empirically chosen to cause hemolysis
of 2 plus or minus 0.5, 5 plus or minus 1, 10 plus or minus
1, 90 plus or minus 1, 95 plus or minus 1 and 98 plus or
minus 0.5 per cent of the added erythrocytes. The ex-
tent of hemolysis in the water tube was taken as equal
to 100 per cent. The per cent hemolysis achieved by a
given concentration of sodium chloride was taken as
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equal to the ratio of the hemoglobin concentration in its
supernatant solution to that of the solution of water-lysed
erythrocytes multiplied by 100.

Determination of Fe' specific activity of hemoglobin.
Hemoglobin was partially purified from the resuspended
whole erythrocyte population, the water-lysed cells and
the supernatant solutions and sedimented erythrocytes of
the various sodium chloride tubes by a modification of
the method of Drabkin (12). To one volume of each
hemolysate, one-half volume of toluene was added and
the mixture was thoroughly shaken until a fine emulsion
was formed. After standing at 40 C. for two hours the
solutions were centrifuged for 20 minutes at 4,000 X G
and the water layer was removed. This "hemoglobin
solution" was centrifuged at 18,000 X G for 60 minutes.
A 2 ml. aliquot of the resultant clear supernatant "he-
moglobin solution" was then assayed for radioactivity in
a well type scintillation counter. The specific activity of
these "hemoglobin solutions" was expressed as counts per
minute per Gm. of hemoglobin. The relative specific
activities of the "hemoglobin solutions" did not differ sig-
nificantly from that of heme crystallized from these solu-
tions (13). Hemoglobin concentrations were measured
by pipetting a suitable quantity of the solution into a 3
ml. cuvette, making it up to a total volume of 2.5 ml. with
0.4 per cent ammonium hydroxide. The optical density
of the solutions was determined in a spectrophotometer at
540 mny. Duplicate hemoglobin determinations did not
differ by more than plus or minus 2.0 per cent. The
standard error of the counting procedure was less than
plus or minus 2 per cent for most samples and less than
plus or minus 5 per cent for the low activity specimens.

Iron 59 labeled hemoglobin recovery studies. It was
necessary to determine whether the fractionation of the
whole erythrocyte population by graded osmotic hemolysis
affected the stability of the Fe5' labeled hemoglobin. Ac-
cordingly, the total radioactivity was measured in the
"hemoglobin solutions" prepared from the supernatant
solution and from the sedimented cells of the various
fractions for each of the eight subjects. The sum of the
counts per minute in the supernatant solution and in the
sedimented cells from each fraction, expressed as per
cent of the total counts per minute in the "hemoglobin
solution" prepared from the whole red cell population,
revealed a mean value of plus or minus one standard de-
viation equal to 101.5 plus or minus 4.8 per cent.

RESULTS

In the initial two studies (Subjects Wand PR),
washed erythrocytes prepared between 5 and 20
days following Fe59 administration were added to
solutions of varying sodium chloride concentra-
tions so as to give graded hemolysis between 2 and
100 per cent. In these experiments the hemoglo-
bin Fe59 specific activity was lowest in the super-
natant samples of the least hemolyzed fractions.

5 DAYS AFTER Fe59 ADMINISTRATION
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a Sedimented cells
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FIG. 1. FE' SPECIFIC AcTirrY OF THE "HEMOGLOBIN

SOLUTIONS" PREPARED FROM THE SUPERNATANTSOLU-
TIONS ANDUNLYSEDCELLS OBTAINEDBY GRADEDOSMOTIC
HEMOLYSIS OF ERYTHROCYTESFIVE DAYS AFTER ISOTOPE
ADMINISTRATION (SUBJECT PR)

The abbreviation W.E.P. is employed for the whole
erythrocyte population.

These supernatant samples contain the hemoglobin
of the least osmotically resistant cells. The highest
specific activities were observed in the sedimented
cells of the most hemolyzed fractions. These sedi-
mented cells represent the most osmotically re-
sistant erythrocytes. There were relatively small
differences in specific activities of the "hemoglo-
bin solutions" prepared from the supernatant and
sedimented cells of the fractions between 20 and
80 per cent hemolysis. The data of one of these
fractionations are presented in Figure 1. These
findings suggested that an effective separation of
the whole red cell population into fractions of rela-
tively old and young mean cell age could be ob-
tained by preparing the supernatant solutions of
the less than 10 per cent levels of hemolysis and
the unlysed cells of the more than 90 per cent levels
of hemolysis. It appeared from these data that the
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greater the difference in osmotic fragility between
the erythrocyte samples, the better the separation
of young and old cells. However, in order to ob-
tain adequate quantities of hemoglobin for specific
activity measurements, it was necessary to employ
the supernatant solution of the no less than 1.5 per
cent level of hemolysis and the sedimented cells
of the no more than 98.5 per cent level of hemoly-
sis. Accordingly, in subsequent studies, determi-
nations of hemoglobin specific activity were per-
formed on the supernatant solutions of the 2 plus
or minus 0.5, 5 plus or minus 1, or 10 plus or
minus 1 per cent levels of hemolysis and the sedi-
mented cells of the 90 plus or minus 1, 95 plus or

minus 1 or 98 plus or minus 0.5 per cent levels of
hemolysis. For each fractionation, these data were
compared to the hemoglobin Fe59 specific activity
of the whole erythrocyte population (Table I).

During the initial 30 to 35 days after Fe5' ad-
ministration, it was observed that, relative to the
whole erythrocyte population, the specific activities
were higher in the more osmotically resistant
erythrocyte fractions a~nd lower in the less os-
motically resistant erythrocyte fractions. Between
approximately 35 and 80 days after isotope ad-
ministration, the specific activities of both the more
and less osmotically resistant erythrocyte fractions
were less than that of the whole erythrocyte popu-

TABLE I

Specific activity of erythrocytes fractions of varying osmotic fragility related to the specific activity of the
whole erythrocyte population at intervals after administration of Fe"

Subject Z

Fraction of cellstsI
Most resistant Least resistant

Subject W

Fraction of cells

Most resistant Least resistant
Few SA

Days* W.E.P.t 2 S 10 10 5 2 W.E.P. 2 5 10 10 5 2

S 88,000 S.70 4.40 2.07 0.17 0.07 - 116,000 3.91 - - 0.29 - -
10 128,000 2.68 - 1.58 0.56 0.43 -
1s 132,000 2.S3 2.02 1.68 0.57 - 0.22 138,000 2.87 - 2.01 0.40 - 0.17
20
2S 138,000 1.21 1.19 1.30 - 0.45
30
35 140,000 - 1.36 1.16 - - 0.31
40 140,000 - 0.65 0.7S - 0.49 0.53
So 134,000 - 0.75 0.80 0.70 - -
60 143,000 0.33 0.6S 0.79 0.73 0.62 0.80 130.000 0.33 0.65 0.79 0.73 - 0.43
70
80
90 125,000 0.54 0.77 - 2.61 3.83 - 110,000 - 0.89 0.77 2.42 - 3.83

100
110 88,000 - - 1.04 2.32 - 2.71
120

Subject PR

Rrsirtinn nf el

Subject LA

Fraction of cells

Most resistant Least resistant Most resistant Least resistant
Fe" SA

Days W.E.P. 2 S 10 10 5 2 W.E.P. 2 5 10 10 S 2

5 40.000 3.70 2.50 2.10 0.50 0.40 -
10 80.000 3.50 1.90 2.20 - 0.30 - 56,000 - 2.64 2.30 0.20 0.15 -
15 88,000 - 2.00 1.60 0.40 0.20 -
20 59,000 - 1.49 1.29 0.47 0.53 -
25 90,000 1.20 - 2.00 0.45 0.30 -
30
35 92,000 1.00 - 1.20 1.00 0.90 1.00
40 62,000 - 0.72 0.80 - 0.63 -
50 84,000 - 0.30 0.60 - 0.70 -
60
70 89,000 0.65 0.30 0.70 0.85 0.40 0.70
80 60,000 - 0.42 0.79 - 0.99
90 82,000 - - 0.70 1.70 2.80 -

100
110
120 64,000 - - 1.60 - - - 45,000 - - 1.12 1.90 2.12 -

* Days after Fe" administration.
t Fe"t specific activity of the whole erythrocyte population (W.E.P.) in counts per minute per Gm. of hemoglobin. This was taken as the

average of the specific activities of the aliquot of washed whole erythrocyte population and the water-lysed erythrocytes. These specific activities
differed on the average 4.2 per cent plus or minus standard deviation of 2.7 per cent.

$ Fractions of erythrocytes are the 2 plus or minus 0.5, 5 plus or minus 1 and 10 plus or minus 1 per cent most resistant to hypotonic hemolysis
and the 10 plus or minus 1, 5 plus or minus 1 and 2 plus or minus 0.5 per cent least resistant to hypotonic hemolysis.

Fe"t specific activity of the fraction of erythrocytes
-- per.tesmlI The values for the ratio represents: Fe" specific activity of the whole erythrocyte popultion .Where a dash (-) appears, the sample

was not obtained for an analysis.
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TABLE i-Continued

Subject LO Subject DE

Fraction of cells Fraction of cells

Most resistant Least resistant Most resistant Least resistant
Few SA Few SA - _-

Days W.E.P. 2 5 10 10 5 2 W.E.P. 2 5 10 10 5 2

5
10 38,000 5.13 - 2.79 - 0.17 -
15
20
25 30,000 - - 2.37 - 0.47 -
30 41.000 - 0.41 - - 0.30 -
35
40 25,000 - 0.65 0.82 0.70 0.62 -
50
60 42,000 - - 0.51 0.96 - - 28,000 - - 0.34 0.80 0.98 -
70 29,000 - - 0.38 - - 0.85
80
90

100
110 32,000 - - 0.78 - 2.00 -
120

Subject LI Subject PE

Fraction of cells Fraction of cells

Most resistant Least resistant Most resistant Least resistant
Fe" SA Fe" SA

Days W.E.P. 2 5 10 10 5 2 W.E.P. 2 5 10 10 5 2

5 64,000 7.02 6.15 5.92 0.32 - 1.42
10 114,000 4.10 - 3.20 0.27 - 0.11
15 32,000 - - 1.78 0.31 0.27 - 122,000 2.57 2.38 1.78 0.31 0.43 -
20 129,000 - 1.68 - 0.62 - 0.67
25
30
35
40 37,000 - - 0.84 0.54 - -
50
60 36,000 - - 0.34 0.76 - -
70
80
90

100 41,000 - - 1.01 1.98 - -
110
120

lation. In experiments performed at 90 days or
longer following Fe59 administration, the specific
activities of the less osmotically resistant red cells
and, though to a smaller extent, the more osmoti-
cally resistant cells tended to exceed that of the
whole erythrocyte population. The rise in specific
activity of the more resistant (younger) erythro-
cyte fractions 90 days or more after isotope ad-
ministration is presumably a result of the reutili-
zation of Fe59. Previous investigators have shown
that while intravenously administered Fe59 incor-
poration is limited to newly forming erythrocytes,
isotope released from cells as they are destroyed
is available for re-incorporation into immature red
cells (8, 9, 14).

DISCUSSION

The present data are consistent with the con-
clusions that young mature human erythrocytes
are more resistant to hemolysis in hypotonic media
than the average of the whole cell population,

while old red cells are less resistant to osmotic
hemolysis than the average of the total erythro-
cyte population. The method of graded osmotic
hemolysis presented in this study provides a means
of fractionation of the whole erythrocyte popula-
tion in a manner whereby the more resistant cell
fractions are progressively enriched with regard to
young red cells and improverished with respect to
old and middle-aged cells. The less osmotically
resistant cell fractions are progressively enriched
with regard to old erythrocytes and impoverished
with respect to young and middle-aged cells.
Among the eight subjects studied there was defi-
nite individual variation in the degree to which
graded osmotic hemolysis achieved a separation of
young and old red cells.

It must be emphasized that the differences in
mean cell age among the fractions of erythrocytes
of varying osmotic resistance are the result of a
partial separation of young and old red cells.
The assumption may be made that the relative
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enrichment (or impoverishment) of
fraction with erythrocytes of a given
to the ratio of hemoglobin specific acti
fraction to that of the whole red cell
The validity of this assumption is base
servations (8-11) that injected Fe5
only newly formed erythrocytes of a

Such an assumption permits the estir

the present data of the distribution of
differing ages in a fraction of a given
sistance. This estimation is obtained
ing the per cent of the total erythrocyt
in the given fraction by the ratio of the
specific activities of the fraction to
whole erythrocyte population at the i

intervals following Fe59 administratio
tios are presented in Table I). An exm

'RACTION ject Z) of the results of the calculation of the
* TO abundance of red cells of varying ages in the 5
IS per cent erythrocytes most and least resistant to

hemolysis in hypotonic media is given in Figure 2.
Thus, in this subject, the 5 per cent most osmoti-
cally resistant cell fraction contained 22.0 per cent
of all erythrocytes five days old or younger but
only 3.9 per cent of all erythrocytes about 90 days

___ of age. On the other hand, in the 5 per cent
* least osmotically resistant cell fraction there were

19.1 per cent of all erythrocytes about 90 days of
' ' age but only 0.4 per cent of erythrocytes five days

old or younger.
N The present method of graded osmotic hemoly-

sis provides sufficiently good separation of erythro-
cytes into fractions of differing mean cell age to
permit evaluation of the effect of age on erythro-
cyte enzyme activity (15). Thus, the levels of
glucose-6-phosphate dehydrogenase, 6-phospho-
gluconic dehydrogenase and phosphohexose iso-
merase were markedly higher in the young than

- - - - old red cell fractions. Purine nucleoside phos-
phorylase and lactic acid dehydrogenase activities
decreased relatively little with the in vivo aging of

100 erythrocytes. Recently, Sterling, Greenfield and
r Fe 59 Price (6) reported that aldolase activity was

higher in osmotically resistant rat erythrocytes
:YTEs OF Dnr- than in the whole red cell population.
{D LEAST OS- Employing a different technique for the frac-
)NS OF SUB- tionation of human erythrocytes by osmotic he-

molysis, Simon and Topper (7) achieved a sepa-
ration of young and old cells at 370C. and 220C.

a particular but not at 40C. In addition, these authors found
age is equal that at these higher temperatures, the least os-
ivities of the motically resistant red cell fractions were en-

population. riched with young erythrocytes, though the major
d on the ob- portion of young cells were in the most resistant

will label fractions. This method differed from that em-
limited age. ployed in the present study in that a single aliquot
nation from of blood was serially subjected to hemolysis in

red cells of hypotonic sodium chloride solutions. The pres-
osmotic re- ent technique was primarily developed to sepa-

by multiply- rate erythrocytes of varying age under conditions
:e population which would permit subsequent biochemical stud-
hemoglobin ies. Since certain enzymes and metabolic inter-
that of the mediates are less stable at higher temperatures, a

various time study has not been made of the effect of tempera-
n (these ra- tures other than 00 C. on the fractionation achieved
ample (Sub- by the present method. In the present study, with
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a single exception (Subject PE, 2 per cent least
resistant fraction, five days following Fe59 ad-
ministration, Table I), no evidence was found for
the enrichment of the less osmotically resistant cell
fractions with young erythrocytes. The present
data, however, cannot exclude the possibility that
there may be red cells younger than five days
which are more fragile than older cells.

Several previous investigators (16-24) have
employed methods of centrifugation or sedimenta-
tion to separate red cells into populations of dif-
ferent mean ages. These techniques are based on
the fact that young erythrocytes are less dense
than old cells. The methods of centrifugation and
sedimentation can provide populations of cells en-
riched with young and with old erythrocytes in
an unlysed state, while only young red cell frac-
tions may be obtained unlysed following separa-
tion by the technique of osmotic hemolysis. How-
ever, in experiments not requiring intact red cells,
e.g., studies of enzyme activity and cell free sys-
tems, graded osmotic hemolysis, compared to cen-
trifugation, provided erythrocyte fractions with
apparently greater differences in mean cell ages
(15, 25).

SUMMARY

A method of graded osmotic hemolysis has been
described which separates the whole erythrocyte
population into fractions of differing mean cell
age. This method has been validated by employ-
ing Fe59 labeling in vivo to date the age of red
cells. Young mature human erythrocytes were
found to be more resistant to hemolysis in hypo-
tonic media than old cells.
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